Sea-level is expected to rise for a long time to come, even after stabilization of humaninduced climatic warming. Here we use simulations with the Earth system model of intermediate complexity LOVECLIM to project sea-level changes over the third millennium forced with atmospheric greenhouse gas concentrations that stabilize by either 2000 or 2100 AD. Climate change scenarios that represent a wide range of possible anthropogenic influence on climate are considered to determine sea-level commitments.
ABSTRACT
Sea-level is expected to rise for a long time to come, even after stabilization of humaninduced climatic warming. Here we use simulations with the Earth system model of intermediate complexity LOVECLIM to project sea-level changes over the third millennium forced with atmospheric greenhouse gas concentrations that stabilize by either 2000 or 2100 AD. Climate change scenarios that represent a wide range of possible anthropogenic influence on climate are considered to determine sea-level commitments. LOVECLIM (Goosse et al., 2010) includes fully coupled interactions between its components including three-dimensional thermomechanical ice-dynamic models for the Greenland and Antarctic ice sheets (Huybrechts, 1996; Huybrechts and de Wolde, 1999; Huybrechts, 2002) . The two polar ice sheets are by far the largest potential contributors to long-term sea-level rise (e.g. Huybrechts et al., 2011) . Oceanic thermal expansion is calculated offline from simulated changes in ocean temperature. Furthermore, we account for the response of mountain glaciers and ice caps by using a global glacier melt algorithm run in offline mode, consisting of a mass balance and a geometric glacier model (Raper and Braithwaite 2006) . Three climate change scenarios are considered that assume a 21st century increase in greenhouse gases according to SRES scenarios B1, A1B and A2 with a stabilization of the atmospheric composition after the year 2100. One additional scenario assumes 1000 years of constant atmospheric composition from the year 2000 onwards.
METHODS

RESULTS
For our preferred model version, we find an already committed total sea-level rise of 1.1 m by 3000 AD (Figure 1) . In experiments with greenhouse gas concentration stabilization at 3/4 2100 AD, the total sea-level rise ranges between 2.1 m (B1), 4.1 m (A1B) and 6.8 m (A2). In all scenarios, more than half of this amount arises from the Greenland ice sheet, thermal expansion is the second largest contributor, and the contribution of glaciers and ice caps is small as it is limited by the available ice volume of maximally 25 cm of sea-level equivalent.
Additionally, we analysed the sensitivity of the sea-level contributions from an ensemble of nine different model versions that cover a large range of climate sensitivity realized by model parameter variations of the atmosphere-ocean model Loutre et al., 2011) . Selected temperature indices are found to be good predictors for sea-level contributions from the different components of land ice and oceanic thermal expansion after 1000 years (Figure 2 ).
CONCLUSIONS
• Anthropogenic carbon dioxide is causing global warming and this will lead to irreversible sea-level rise on human timescales even when emissions were to reduce drastically to reach greenhouse gas stabilization in the atmosphere. • Our model results indicate that a sea-level rise of at least 1.1 m by the year 3000 is already committed by the compounded effect of greenhouse gas buildup by the year 2000. • Several metres more are likely unavoidable if measures to curb emissions drastically are not taken during the next few decades and greenhouse gas concentrations continue to rise to the levels implied by the SRES scenarios used in this study. • On the millennial timescale, the results stress the dominance of melting of the Greenland ice sheet to future sea-level rise and the relative insensitivity of the Antarctic ice sheet as long as the mean annual warming over the ice sheet does not exceed 5-6 °C. • Oceanic thermal expansion is only dominant for present-day conditions and the next few centuries but is never the main contributor to committed sea-level changes by the year 3000. • Glaciers and ice caps are found to largely disappear within centuries irrespective of further increases of radiative forcing but the total implied sea-level rise is limited to less than 30 cm in the algorithm used here. • Strong relations were found between selected temperature indices and committed sealevel changes for all sea-level components across all model versions and all forcing scenarios. This implies that the established relations can be used to estimate first-order sea-level commitments given estimates of spatially resolved global temperature change, which could come from other Earth system models that do not include land ice components.
